In the nasal cavity, the nonmotile cilium of olfactory sensory neurons (OSNs) constitutes the chemosensory interface between the ambient environment and the brain. The unique sensory organelle facilitates odor detection for which it includes all necessary components of initial and downstream olfactory signal transduction. In addition to its function in olfaction, a more universal role in modulating different signaling pathways is implicated, for example, in neurogenesis, apoptosis, and neural regeneration. To further extend our knowledge about this multifunctional signaling organelle, it is of high importance to establish a most detailed proteome map of the ciliary membrane compartment down to the level of transmembrane receptors. We detached cilia from mouse olfactory epithelia via Ca 2؉ /K ؉ shock followed by the enrichment of ciliary membrane proteins at alkaline pH, and we identified a total of 4,403 proteins by gel-based and gel-free methods in conjunction with high resolution LC/MS. This study is the first to report the detection of 62 native olfactory receptor proteins and to provide evidence for their heterogeneous expression at the protein level. Quantitative data evaluation revealed four ciliary membrane-associated candidate proteins (the annexins ANXA1, ANXA2, ANXA5, and S100A5) with a suggested function in the regulation of olfactory signal transduction, and their presence in ciliary structures was confirmed by immunohistochemistry. Moreover, we corroborated the ciliary localization of the potassium-dependent Na ؉ /Ca 2؉ exchanger (NCKX) 4 and the plasma membrane Ca 2؉ -ATPase 1 (PMCA1) involved in olfactory signal termination, and we detected for the first time NCKX2 in olfactory cilia. Through comparison with transcriptome data specific for mature, ciliated OSNs, we finally delineated the membrane ciliome of OSNs. The membrane proteome of olfactory cilia established here is the most complete today, thus allowing us to pave new avenues for the study of diverse molecular functions and signaling pathways in and out of olfactory cilia and thus to advance our understanding of the biology of sensory organelles in general. Molecular & Cellular Proteomics 13:
In the nasal cavity, the nonmotile cilium of olfactory sensory neurons (OSNs) constitutes the chemosensory interface between the ambient environment and the brain. The unique sensory organelle facilitates odor detection for which it includes all necessary components of initial and downstream olfactory signal transduction. In addition to its function in olfaction, a more universal role in modulating different signaling pathways is implicated, for example, in neurogenesis, apoptosis, and neural regeneration. To further extend our knowledge about this multifunctional signaling organelle, it is of high importance to establish a most detailed proteome map of the ciliary membrane compartment down to the level of transmembrane receptors. We detached cilia from mouse olfactory epithelia via Ca 2؉ /K ؉ shock followed by the enrichment of ciliary membrane proteins at alkaline pH, and we identified a total of 4,403 proteins by gel-based and gel-free methods in conjunction with high resolution LC/MS. This study is the first to report the detection of 62 native olfactory receptor proteins and to provide evidence for their heterogeneous expression at the protein level. Quantitative data evaluation revealed four ciliary membrane-associated candidate proteins (the annexins ANXA1, ANXA2, ANXA5, and S100A5) with a suggested function in the regulation of olfactory signal transduction, and their presence in ciliary structures was confirmed by immunohistochemistry. Moreover, we corroborated the ciliary localization of the potassium-dependent Na Odorant perception in vertebrates is initiated by binding of volatile odor-conferring small molecules to olfactory receptors (ORs) 1 located in the membrane of sensory cilia that extend from primary olfactory sensory neurons (OSNs) into the mucus covering the olfactory epithelium (OE) in the nasal cavity (1) . ORs are G protein-coupled receptors (GPCRs) and represent the largest family of GPCRs with more than 1,000 distinct receptors in mice and rats and ϳ400 in humans (2) (3) (4) . Activation of ORs upon odorant-binding triggers a signal transduction cascade in olfactory cilia eventually leading to the generation of action potentials in the soma of OSNs (5) and transmission of the signal to the brain.
The canonical ciliary signal transduction pathway following OR activation is well established and includes activation of adenylyl cyclase (AC) III via the ␣ subunit of the heterotrimeric olfactory G protein G(olf). This leads to increased levels of the second messenger cAMP, which in turn results in opening of cyclic nucleotide-gated (CNG) Na ϩ /Ca 2ϩ channels (6, 7) in the ciliary membrane. The resulting influx of Ca 2ϩ ions causes depolarization of the membrane and induces opening of Ca 2ϩ -activated Cl Ϫ channels such as anoctamin 2 (ANO2) in the ciliary membrane (8 -11) . The following efflux of chloride ions from the cilia enhances depolarization of the OSN, thereby amplifying the signal and facilitating the generation of an action potential (12, 13) .
In addition to the components involved in olfactory signal perception and transduction, cilia of OSNs are required to contain further distinct sets of proteins involved in various cellular functions such as regulation and termination of the signal response, odor adaptation, exchange of solutes with the mucus, intraciliary protein transport, and targeting of ciliary membrane proteins. Furthermore, OSNs have a life span of a few weeks only and undergo lifelong renewal (13, 14) , which requires proteins mediating and regulating the constant processes of apoptosis, adult neurogenesis, and ciliogenesis. For a complete understanding of the molecular processes governing the diverse functions of OSN cilia, of potential cross-talk between different processes, and to reveal protein interaction networks formed as well as to gain insight into dysfunctions of the olfactory system causing, for example, hyposmia or anosmia, it is necessary to identify the individual molecular players involved.
Previous proteomics studies targeting the sensory cilia membrane of OSN from rat (15, 16) and mouse (11) or focusing on proteins of the ciliary Ca 2ϩ -signaling pathways affinitypurified from a membrane preparation of rat OE (17) (10, 11) , and NCKX4, a Na ϩ /Ca 2ϩ exchanger mediating termination of the signal response and odorant adaptation (11, 19) . However, these studies were still considerably limited in their ability to detect the central low abundant components of olfactory cilia such as GPCRs; consequently, OR proteins remain elusive so far.
The focus of our study was the comprehensive analysis of the mouse olfactory membrane ciliome with high sensitivity permitting the discovery of new resident proteins as well as the identification of low abundant central components of OSN cilia down to the level of ORs. Because of each OSN expressing only one type of the roughly 1,000 functional ORs present in mice and rat (3, 20, 21) , individual species of these seven transmembrane (TM) domain receptors are of very low abundance and are thus difficult to detect. Moreover, the hydrophobic nature of integral membrane proteins still represents a major challenge in current proteomics research (22) . Our strategy included the selective enrichment of olfactory ciliary membrane proteins based on the established Ca 2ϩ /K ϩ -shock method and subsequent Na 2 CO 3 treatment at alkaline pH followed by alternative protein and peptide separation methods employing SDS-PAGE and strong cation exchange (SCX) chromatography, respectively, in conjunction with high resolution LC/MS. As a result, we report here for the first time the robust detection of 62 ORs and provide important data about the relative abundance levels of these ORs showing a considerable heterogeneity in their expression. We further confirmed the localization of four new candidate proteins (ANXA1, ANXA2, ANXA5, and S100A5) with putative function in the regulation of olfactory signal transduction to OSN cilia and corroborated the ciliary localization of the Ca 2ϩ transporters NCKX4 (19) and PMCA1 (23) involved in olfactory signal termination. Comparison of our large scale proteomics dataset with transcriptome data of ciliated mature OSN (24) finally led to the establishment of the so far most complete olfactory membrane ciliome consisting of 178 proteins. This ciliome includes all known components of the canonical signal transduction pathway and its regulation as well as a plethora of proteins with various functions in, for example, ion transport in and out of the cilia, response to nonolfactory stimuli, cytoskeletal organization, apoptosis, and cell survival. The extensive data reported here provide a wealth of information for subsequent functional studies of individual proteins with potentially important functions in olfactory cilia. It therefore serves as an important resource contributing to a better understanding of the biology of sensory organelles in general.
EXPERIMENTAL PROCEDURES
Enrichment of Ciliary Membrane Proteins-The isolation of cilia from murine OE was performed based on the Ca 2ϩ /K ϩ -shock method described previously (16) . Briefly, four OE per replicate were prepared from 10-week-old male CD1 mice (Charles River, Sulzfeld, Germany), washed in ice-cold solution A (20 mM HEPES, 140 mM NaCl, 3 mM KCl, 2 mM MgSO 4 , 7.5 mM D-glucose, 5 mM EGTA (pH 7.4)) containing Complete protease inhibitor mixture (Roche Diagnostics), and resuspended carefully in solution B (solution A containing 20 mM CaCl 2 and 30 mM KCl). Cilia were detached from OE by gentle stirring for 20 min at 4°C and separated from the remaining tissue by centrifugation for 5 min at 5,000 ϫ g and 4°C. The supernatant was collected, and deciliation was repeated twice. Supernatants were combined and centrifuged for 30 min at 26,000 ϫ g and 4°C. The resulting ciliacontaining pellet was resuspended in 100 mM ice-cold Na 2 CO 3 (pH 11.2). Following incubation on ice for 20 min, a membrane fraction enriched in ciliary membrane proteins was gained by centrifugation for 30 min at 100,000 ϫ g and 4°C and resuspended in 10 mM Tris (pH 7.4) containing 3 mM MgCl 2 and 2 mM EGTA. Protein concentrations were determined using the Bradford assay with bovine serum albumin (BSA) as standard (25) .
Gel Electrophoresis-Following enrichment of ciliary membrane proteins, 10 g of protein were separated by one-dimensional SDS-PAGE on a 4 -12% NuPAGE BisTris gradient gel (Invitrogen) according to the manufacturer's instructions and visualized by colloidal Coomassie Brilliant Blue G-250. Gel lanes were cut into 29 slices. Destaining, tryptic in-gel digestion, peptide extraction, and further sample preparation steps were performed as described previously (26) .
Strong Cation Exchange Chromatography-10 g of protein were precipitated using chloroform/methanol (27) , resuspended in 40 l of 60% (v/v) methanol, 20 mM NH 4 HCO 3 , and digested overnight at 37°C using 0.5 g of trypsin dissolved in 50 mM NH 4 HCO 3 (pH 7.8). Peptide mixtures were then dried in vacuo and reconstituted in 60 l of SCX chromatography solvent A (25% (v/v) acetonitrile, 10 mM KH 2 PO 4 ). SCX chromatography was performed using an Ultimate classic system (Dionex LC Packings, Idstein, Germany (now Thermo Fisher Scientific)) equipped with a polysulfoethyl aspartamide column Mass Spectrometry-Peptide mixtures were analyzed by nano-HPLC-ESI-MS/MS using the UltiMate 3000 RSLCnano system (Dionex LC Packings/Thermo Fisher Scientific) on line-coupled to an LTQ-Orbitrap Velos instrument (Thermo Fisher Scientific, Bremen, Germany). Peptide mixtures were washed and preconcentrated for 25 min on a C18 precolumn (Acclaim PepMap 100, 75 m inner diameter ϫ 20 mm; 3-m particle size (Thermo Fisher Scientific)) with 0.1% (v/v) TFA at a flow rate of 7 l/min. Peptides were then separated on a C18 nano-LC column (Acclaim PepMap RSLC, 75 m inner diameter ϫ 250 mm, 2-m particle size; Thermo Fisher Scientific) at a flow rate of 400 nl/min and with a column oven temperature of 40°C. A binary solvent system consisting of 0.1% (v/v) formic acid (solvent A) and 0.1% (v/v) formic acid in 84% (v/v) acetonitrile (solvent B) was used with the following gradient: 5-30% solvent B in 70 min and 30 -95% solvent B in 2 min.
The LTQ-Orbitrap Velos was equipped with a nano-electrospray ion source (Thermo Fisher Scientific) and distal coated SilicaTips (New Objective, Woburn, MA). The spray voltage applied was 1.4 -1.5 kV, and the capillary temperature was 275°C. External calibration of the instrument was performed with standard compounds, and for internal calibration, lock masses derived from a set of specific air contaminants were used. For data-dependent MS/MS analyses, the software Xcalibur 2.1 (Thermo Fisher Scientific) was used. Full scan MS spectra were acquired in the Orbitrap with the following parameters: mass range, m/z 300 -2,000; resolution, 30,000 (at m/z 400); automatic gain control, 10 6 ions; maximum fill time, 500 ms. Fragmentation of the 20 most intense multiple charged ions by low energy collision-induced dissociation was carried out in the linear ion trap (automatic gain control, 3 ϫ 10 4 ions; maximum fill time, 50 ms; normalized collision energy, 35%; activation q, 0.25; activation time, 10 ms). The dynamic exclusion time was set to 30 s.
Data Analysis-Mass spectrometric data of all replicates were processed together using the software MaxQuant (version 1.2.0.18) (28) and its integrated search engine Andromeda (29) . For peptide and protein identification, peak lists of MS/MS spectra generated by MaxQuant using default settings were searched against the UniProt reference proteome set for Mus musculus. The species was restricted to M. musculus because exclusively proteins from mice were analyzed. In addition, MS/MS data were searched against a list of common contaminant proteins provided by MaxQuant.
Database searches were performed with tryptic specificity allowing two missed cleavages and 7 ppm initial mass tolerance for precursor ions and 0.5 Da for fragment ions. Oxidation of methionine was considered as variable modification; fixed modifications were not included. Peptides and proteins were identified with a false discovery rate of 0.01 calculated as described previously (28) . At least one unique peptide with a minimum length of six amino acids per protein was required. Proteins identified by the same set of peptides were combined to a single protein group by MaxQuant. Only proteins identified with a minimum of two peptides, one of which was unique, in at least two out of three replicates for either the gel-based or the gel-free dataset are reported in this work (supplemental Table S1A ). Gene ontology (GO) terms in the "biology process," "molecular function," and "cellular component" ontology were obtained using the Perseus software (version 1.4.1.3). Further information about protein and peptide identifications provided by MaxQuant are given in supplemental Tables S1, B and C.
IBAQ values defined as the sum of all peptide intensities of a protein divided by the number of theoretically observable tryptic peptides of the protein (i.e. full tryptic peptides with a length of 6 -30 amino acids; (30)) were calculated by MaxQuant. The subcellular localization of proteins was determined based on information provided by UniProt and the GO database. For the prediction of the number of TM domains, the Phobius server (31) was used. Analysis of enriched GO terms was carried out using the Cytoscape (32) plugin BiNGO 2.44 (33) . The significance level was set to p Ͻ 0.01 as determined by hypergeometric test and Benjamini and Hochberg false discovery rate correction.
Immunohistochemistry-Mice were sacrificed by cervical dislocation at P14, and the snouts were fixed in 4% paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ) overnight at 4°C. Fixed tissue was cryoprotected in 30% sucrose in PBS for 16 h at 4°C and embedded and frozen in Tissue-Tek OCT (Sakura Finetek Europe, Leiden, The Netherlands). 13-m coronal cryosections on superfrost slides (Thermo Fisher Scientific) were obtained using a Leica CM3050S cryomicrotome. Tissue slices were permeabilized with 0.1% (v/v) Triton X-100 in PBS containing 1% (w/v) cold-water fish skin gelatin (Sigma-Aldrich). Cryosections were incubated with primary antibodies in PBS, 0.1% Triton X-100, 1% cold-water fish gelatin overnight at 4°C, washed three times with PBS, incubated with fluorescently labeled secondary antibodies in PBS for 1 h at room temperature, and mounted in Roti MountFluorCare (Carl Roth, Karlsruhe, Germany). The following primary antibodies were used: affinity-purified polyclonal goat anti-AC III (N-14; Santa Cruz Biotechnology, Dallas, TX; catalogue number sc-32113; raised against a peptide mapping to the N-terminal cytoplasmic domain of human AC III (34)); affinity-purified polyclonal rabbit anti-ANXA1 (Abnova, Heidelberg, Germany; PAB7948; raised against a synthetic peptide corresponding to the amino acids at the C terminus of human ANXA1); affinity-purified polyclonal rabbit anti-ANXA2 (Abnova; PAB19088; raised against a synthetic peptide mapping to the internal region of human ANXA2); affinity-purified polyclonal rabbit anti-ANXA5 (Abcam, Cambridge, UK; ab14196; raised against the recombinant full-length protein (35)); polyclonal rabbit anti-PMCA1 antiserum (Novus Biologicals Inc., Littleton, CO; NBP1-46512; raised against a synthetic peptide from the C-terminal region of human PMCA1); affinity-purified polyclonal rabbit anti-SLC24A4/NCKX4 (Assay Biotechnology, Sunnyvale, CA; C18849; raised against a synthetic peptide derived from the internal region of human SLC24A4); and affinity-purified polyclonal rabbit anti-S100A5 (ProteinTech, Chicago; 17924-1-AP; raised against a human S100A5-GST fusion protein). Alexa Fluor-labeled secondary antibodies (goat anti-rabbit Alexa Fluor 594, A-11012 and donkey anti-goat Alexa Fluor 633, A-21082) were obtained from Invitrogen and used in a 1:1,000 dilution. All antibodies directed against the proteins of interest showed a cilia-specific staining pattern in cryosections. No staining was observed in cryosections incubated with secondary antibodies only (data not shown). Fluorescence images were obtained with a confocal microscope (LSM510 Meta; Carl ZEISS AG, Oberkochen, Germany) equipped with a ϫ40 objective lens (Zeiss) and further processed with CorelPHOTO-PAINT (Corel Corp.).
Immunoblot Analysis-Equal fractions of samples collected from distinct steps of a ciliary membrane preparation were subjected to SDS-PAGE on a 4 -12% NuPAGE BisTris gradient gel (Invitrogen) following the manufacturer's instructions. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane using semi-dry blotting at a constant current of 1.2 mA per cm 2 for 2 h. The PVDF membrane was blocked with Roti-Block (Carl Roth) for 1 h and subsequently cut horizontally into defined sections to allow for the detection of several subcellular marker proteins of different molecular weight using the same PVDF membrane (i.e. AC III, 170 -180 kDa in its glycosylated form; ezrin, 69 kDa; acetylated ␣-tubulin, 55 kDa; and COX IV, 16 kDa). The PVDF membrane sections were then incubated with the respective primary antibodies (diluted in 4% (w/v) BSA/PBS) for 1 h at room temperature. After extensive washing (four times with PBS, 0.1% (v/v) Tween 20), the membrane sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. Following incubation with the ECL plus reagent (GE Healthcare), chemiluminescence signals were detected on Hyperfilm (GE Healthcare).
To assess the enrichment of olfactory cilia membranes, we employed primary antibodies that recognize well established marker proteins for ciliary membranes (AC III), microvilli (ezrin), the axoneme (acetylated ␣-tubulin), and mitochondrial membranes (COX IV); affinity-purified polyclonal rabbit anti-AC III (C-20, Santa Cruz Biotechnology; catalogue number sc-588; raised against a peptide mapping at the C terminus of mouse AC III (16, 36) ; dilution, 1:200); affinitypurified polyclonal rabbit anti-ezrin (Acris Antibodies, San Diego; AP21103PU-N; dilution, 1:200); mouse monoclonal anti-acetylated ␣-tubulin (Abcam; ab24610; raised against acetylated ␣-tubulin from the axoneme of sea urchin sperm flagella (37); dilution, 1:1,000); and monoclonal mouse anti-COX IV (Abcam, ab14744; raised against purified mitochondrial complex IV from cow (38); dilution, 1:200). HRP-conjugated secondary antibodies were obtained from Dianova (Hamburg, Germany; goat anti-mouse, 115-035-062; goat anti-rabbit, 111-035-144) and used at a dilution of 1:10,000. For all primary antibodies used for Western blot analyses, a single signal corresponding to the molecular weight of the target protein was detected in the respective section of the PVDF membrane. The intensities of the signals detected for each marker protein in distinct fractions collected during the preparation of ciliary membranes reflect the expected enrichment or depletion of each marker protein across these fractions (supplemental Fig. S1 ).
RESULTS AND DISCUSSION
Experimental Strategy-Our strategy for the in-depth analysis of the olfactory membrane ciliome was based on the selective enrichment of ciliary membranes from mouse OE followed by protein-and peptide-based separation in conjunction with high resolution LC/MS analysis (Fig. 1A) . In the first step, cilia were detached from the OE (n ϭ 4 per replicate) using the Ca 2ϩ /K ϩ -shock method as previously used for the preparation of a sensory cilia-enriched fraction from rat OE (16) . To confirm the detachment of olfactory cilia from mouse tissue through Ca 2ϩ /K ϩ shock, we used transgenic mice expressing the green fluorescent protein (GFP) under control of the olfactory marker protein (OMP) promoter (39) . Analysis of OE cryosections from OMP-GFP mice by immunohistochemistry using an antibody against the sensory ciliary marker protein AC III and confocal microscopy revealed that cilia were effectively detached, leaving the epithelial surface intact and virtually free of cilia (Fig. 1B) . In the second step, ciliary fractions from three independent replicates were treated with Na 2 CO 3 at alkaline pH to further enrich for integral membrane proteins (40) . The protein content of the resulting ciliary membrane fractions was in the range of 20 -30 g per replicate. The successful enrichment of olfactory cilia membranes was further substantiated by immunoblot analysis using antibodies against the cilia membrane protein AC III and marker proteins for microvilli (ezrin), the axoneme (acetylated tubulin), and mitochondrial membranes (COX IV) (supplemental Fig. S1 ).
Comparison of a Gel-based and Gel-free Proteomics Approach for the Study of Olfactory Cilia Membranes-Because a major goal of this study was the establishment of a comprehensive protein inventory of olfactory ciliary membranes to the depth of low abundant ORs, we exploited the capacity of two alternative separation technologies. In the first approach, ciliary membrane fractions (10 g of protein per replicate) were resolved by SDS-PAGE, and proteins in individual gel lanes were digested with trypsin prior to LC/MS analysis. In the second approach, tryptic peptides from cilia-enriched membranes (10 g of protein per replicate) were separated by SCX, and the collected fractions were analyzed by LC/MS. Mass spectra were acquired on an LTQ Orbitrap Velos instrument followed by data analysis using the Andromeda/ MaxQuant software suite (28, 29) . Measurements of a total of 162 samples from three independent ciliary membrane preparations resulted in the identification of 4,403 unique protein groups with an false discovery rate of Յ1% and a minimum of two peptides, one of which was unique, detected in two or FIG. 1. Experimental strategy. A, cilia were detached from OE of mice by Ca 2ϩ /K ϩ shock and further subjected to Na 2 CO 3 washes at alkaline pH. Aliquots of ciliary membrane-enriched fractions were separated by SDS-PAGE or SCX chromatography followed by high resolution LC/MS and bioinformatics data analysis. In total, 162 samples from three independent replicates were analyzed. B, immunostaining of cryosections of OE from transgenic OMP-GFP mice. Mature olfactory sensory neurons as well as dendritic knobs at the ciliary layer are labeled green by GFP. Olfactory cilia were stained specifically using an antibody against adenylyl cyclase III. Confocal micrographs show OE sections before (left) and after (right) Ca 2ϩ /K ϩ shock. Scale bars indicate 20 m. For further details, refer to main text. more replicates of either the gel-based or gel-free approach (supplemental Table S1A ). Of these, 3,750 (85.2%) and 4,257 (96.7%) protein groups were covered by the gel-based and the gel-free approach, respectively ( Fig. 2A) . Both experimental tracks provided highly reproducible protein identification (ID) data. Using SDS-PAGE, 67% of the proteins were detected in all three replicates, and the overlap of proteins identified in at least two replicates was up to 86%. For the SCX approach, the overlap was 73% and up to 91% for proteins identified in all three and at least two replicates, respectively ( Fig. 2A) . Furthermore, the comparison of protein IDs from individual replicates showed an overlap of 68 -71% between the gel-based and the gel-free approach (Fig. 2B) . Of note, more than 20% of all protein IDs per replicate were exclusively obtained via SCX demonstrating the high performance of this approach for the study of the ciliary membrane proteome.
Analysis of the subcellular distribution of all protein IDs based on information derived from UniProt (41) and the Gene Ontology (42) database showed that the data are highly consistent between the two approaches. Approximately half of the proteins have been annotated as integral membrane proteins or membrane-associated (Fig. 3A and supplemental Table S1A). Of these, only 1-2% were annotated as ciliary membrane proteins, and the majority (36%) is located in the plasma membrane and membranes of various organelles. Furthermore, 10% were proteins of noncharacterized membranes, which may include potentially new ciliary proteins. The fraction of soluble proteins originated mainly from the cytoplasm, and various organelles or their localization was unknown, whereas only a small fraction (2%) was annotated as intracellular ciliary proteins (Fig. 3A) . A comparison with proteomics data published previously revealed that our dataset covers a total of 373 unique proteins (79%; based on gene names) identified in ciliary membrane-enriched fractions of both mouse OSNs (325 proteins) (11) and rat OSNs (431 proteins) (16) .
To predict the number of TM domains in proteins identified in this work, we used the Phobius server (31) . A total of 1,708 proteins with putative TM domains were found with 1,426 proteins for the gel-based and 1,673 proteins for the gel-free approach ( Fig. 3B and supplemental Table S1A) . A large fraction (825 proteins, i.e. 48%) was predicted to contain a single TM span. Yet, the majority of proteins (883, i.e. 52%) was found to include multiple TM domains. Of particular interest is the class of proteins with seven TM domains characteristic for GPCRs, including low abundant ORs that are important functional components of olfactory sensory cilia. This group shows a local maximum with 124 proteins in our analysis (Fig. 3B) . Interestingly, the SCX approach was found to be particularly well suited for the identification of 7-TM helix proteins often fulfilling important functions in signal transduction. between both approaches, we noticed that 37 (60%) of all the 62 identified ORs were exclusively detected by gel-free analysis (Fig. 4A) . Only four ORs (6%) were uniquely identified in the gel-based approach, and a total of 21 ORs (34%) were found in both datasets. The limited ability to detect ORs via SDS-PAGE can presumably be ascribed to their tendency to oligomerize even under denaturing conditions (43) (44) (45) . In addition, ORs have an N-terminal glycosylation site and may be further glycosylated at the extracellular domains, further impeding electrophoretic separation of ORs into distinct, focused bands (46) . Accordingly, we failed to detect ORs in the gel region corresponding to their expected molecular mass of ϳ32 kDa, an observation that is in line with previous data (11). The total peptide intensity profile showed that the majority of ORs was detected in gel bands of the upper molecular mass region (ϳ80 to Ͼ140 kDa), although only a minor peak was observed at ϳ37 kDa (supplemental Fig. S2 ).
Detection of Olfactory Receptor Proteins in Sensory Cilia
To further assess the capability of our proteomics approach for the detection of ORs from mouse ciliary membranes, we calculated iBAQ values defined as the sum of all peptide intensities divided by the number of theoretically observable tryptic peptides of a protein to estimate relative protein abundance levels (supplemental Table S1A ) (30) . A total of 62 ORs were ranked according to their mean iBAQ values determined in gel-free experiments and visualized in a heat map (Fig. 4B) . In general, iBAQ values of ORs were considerably higher in gel-free compared with gel-based experiments with comparable values between individual replicates. Quantitative data thus confirm the higher capacity of the peptide-centric approach for the detection of low abundant OR proteins. Furthermore, an iBAQ intensity plot (representing proteins detected in gel-free experiments with a mass Յ50 kDa to preclude bias against low molecular mass components) revealed that abundance levels of ORs span more than 2 orders of magnitude (Fig. 4C) . Our data therefore clearly point to a considerable heterogeneity in the expression of ORs, a finding that is consistent with real time PCR data revealing differences in mRNA levels for individual ORs of up to 300-fold (47) . To conclude, we provide here for the first time detailed information about the relative abundance levels of native ORs in mouse tissue.
Quantitative Analysis of Proteins Involved in Olfactory Signal Transduction Based on iBAQ-Activation of ORs in ciliary
membranes initiates a signaling cascade that eventually leads to the conversion of a chemical cue to an electric current. In addition to the first successful detection of numerous ORs in sensory cilia, we further identified all the known constituents of the canonical pathway of olfactory signal transduction, namely AC III, the three CNG channel subunits CNGA2, CNGA4, and CNGB1, as well as the heterotrimeric G protein subunits GNAL, GNB1, and GNG13 ( Fig. 5A and supplemental Table S1A ). They all exhibited high iBAQ values (Ն3.4 ϫ the ␣ subunit of the heterotrimeric G protein mediating signal transduction by activating AC III) was found to be ϳ5-fold more abundant than the two other subunits GNB1 and GNG13. Moreover, AC III was ϳ2-fold higher in abundance than the CNG channel subunit CNGA2. High concentrations of G(olf) and AC III guarantee effective signal amplification by the generation of cAMP. Consistent with published data (48), iBAQ-based quantification of the three CNG channel subunits indicated a stoichiometry of ϳ2:1:1 (CNGA2:CNGA4:CNGB1).
We further examined abundance levels of members of the ANO family of which we consistently identified five isoforms (ANO1, ANO2, ANO6, ANO8, and ANO10) (Fig. 5B ). ANO1 and ANO2 are known to function as CaCCs (49 -53) . However, ANO2 was previously shown to be the only family member specifically expressed in the cilia of OSNs (10, 18, 54, 55) . In agreement with these data, ANO2 was found to be highly enriched in ciliary membrane fractions. It was ϳ12-fold more abundant than ANO6 and ANO10, although ANO1 and ANO8 were only detected in minor amounts. Similarly, the proteins SLC4A1 and SLC12A2 (also known as NKCC1), two solute transporters required for the accumulation of chloride ions in olfactory cilia (18) , displayed high iBAQ values that clearly distinguished them from the other detected chloride transporters (i.e. SLC12A4, SLC12A6, SLC12A7, and SLC12A8/9) presumably with no function in olfactory signal transduction (Fig. 5C ). Our data further indicate that SLC12A2 is ϳ2.6-fold more abundant than SLC4A1, underscoring its important role in chloride-based signal amplification upon OR activation (18) .
We next extended our quantitative analysis to membrane transport proteins with potential or known function in intraciliary Ca 2ϩ homeostasis, including K ϩ -dependent (NCKX) or -independent (NCX) Na ϩ /Ca 2ϩ exchangers (9, 56) as well as plasma membrane calcium ATPases (PMCAs) (23, 57, 58) . Of the three Na ϩ /Ca 2ϩ exchangers identified, NCKX4 (also known as SLC24A4) exhibited highest abundance, although NCKX2 and NCX1 were detected only in minor amounts in sensory cilia membrane fractions (Fig. 5D) . The pivotal function of the K ϩ -dependent Na ϩ /Ca 2ϩ exchanger NCKX4 in olfactory signal termination has recently been demonstrated in NCKX4-deficient mice (19) . However, previous work also showed the presence of NCX1 in isolated cilia (57), which was verified by immunohistochemistry revealing also its expression in cell bodies, dendrites, and dendritic knobs of OSNs (59). It was then shown that OMP, a hallmark of mature OSNs, regulates NCX activity by protein-protein interactions allowing it to modulate Ca 2ϩ homeostasis and thus olfactory signal transduction (59). We further report here for the first time the presence of NCKX2 in ciliary membrane fractions of OSNs, yet at comparatively low levels. NCKX2 is a bidirectional transporter typically extruding intracellular Ca 2ϩ and known to be expressed in retinal cone photoreceptors and in the brain where it locally controls neuronal Ca 2ϩ levels allowing for the development of synaptic plasticity (60 -62). Therefore, a function of NCKX2 in the modulation of the Ca 2ϩ concentration in olfactory cilia appears to be likely.
In addition to the NCKX and NCX proteins, we detected all four PMCA (also referred to as ATP2B) isoforms in olfactory cilia membranes with PMCA1 being ϳ6-fold more abundant than PMCA4, although PMCA2 and PMCA3 were only present in minute amounts (Fig. 5D ). All four isoforms have been detected in mouse OSNs with a ciliary expression pattern for the PMCA isoforms 1, 2, and 4 (23) . PMCA inhibition was shown to prolong the cAMP-elicited current (57) and to reduce the rate of Ca 2ϩ clearance in the dendritic knobs of stimulated OSNs (58). Interestingly, in sperm, the most abundant form is PMCA4 with a role in hyperactivated motility and male fertility, although for PMCA1 a constitutive function has been proposed (63) .
Further proteins with a suggested role in olfactory sensory signal transduction are annexins (ANXA) that bind phospholipids and cellular membranes depending on the intracellular Ca 2ϩ concentration and interact with cytoskeletal proteins to modulate membrane formation and fusion processes (64, 65) . Several members of the ANXA protein family have been detected in olfactory cilia membrane preparations by proteomic approaches (11, (15) (16) (17) . In this work, nine different ANXA isoforms were identified, and of these, ANXA1, ANXA2, and ANXA5 exhibited the highest abundance levels (Fig. 5E ). ANXA5 has previously been found to be up-regulated in mouse OE pulse-exposed to the odorant octanal (66) . Interestingly, ANXA2 together with S100A10 protein interacts with Na ϩ , K ϩ , and Ca 2ϩ channels to regulate their translocation and function (67) (68) (69) , and the uniquely cAMP/protein kinase A (PKA)-dependent complex has been shown to specifically interact with the cystic fibrosis conductance regulator protein involved in cystic fibrosis (70) as well as the transient receptor potential vanilloid type 6 channel (TRPV6) in airway and gut epithelia (71) . In frog olfactory epithelia, ANXA isoforms 1, 2, and 5 bind to dicalcin in a Ca 2ϩ -dependent manner (72) . The annexin-dicalcin complexes lead to phospholipid aggregation regulated by Ca 2ϩ /calmodulin suggested to protect sensory cilia exposed to environmental and mechanical stress. Dicalcin includes two regions, each displaying more than 50% sequence identity with chicken S100A11 protein (72) . In line with this, we identified here 10 different S100A proteins. S100A5 exhibited the highest abundance, and the two members A11 and A10 were ϳ3-fold lower in abundance (Fig. 5F ). Congruently, S100A5 is specifically expressed in OSNs at the transcript level (73) , and its expression pattern correlates with the activity of odorant-stimulated OSNs (74) . Moreover, the protein binds Ca 2ϩ with particularly high affinity (75), making it an interesting candidate with potential function in Ca 2ϩ buffering in active OSNs in mice.
Validation of Ciliary Candidate Proteins by Immunohistochemistry-Based on comparative, quantitative analysis of members of distinct protein families involved in olfactory signaling processes, we selected four new candidate proteins (i.e. ANXA1, ANXA2, ANXA5, and S100A5) of sensory cilia for further validation (see Fig. 5 ). To this end, we studied the subcellular location of candidate proteins in the mouse OE by immunohistochemistry. In addition, we sought to confirm the ciliary localization of the two Ca 2ϩ transporters NCKX4 and PMCA1 exhibiting highest abundance levels among the various Ca 2ϩ transporters detected here. It has previously been shown that NCKX4 mRNA is specifically expressed in the layer of mature OSNs (19) and that endogenous PMCA1 is present in the cilia as well as dendritic knobs, dendrite, and cell body of mouse OSNs (23) .
To allow for the visualization of mature OSNs by fluorescence microscopy, we used cryosections of transgenic OMP-GFP mice (39) . Thus, OSNs and dendritic knobs at the ciliary layer were labeled green in confocal micrographs (Fig. 6,  merged) . In addition, we used specific antisera directed against the six proteins of interest (Fig. 6, red) and the ciliary marker protein AC III (blue). In the OE, the dendrites of OSNs extend to the apical surface of the olfactory tissue and multiple cilia project from the dendritic knobs to provide a large chemosensory surface area for the detection of chemical cues entering the nasal cavity. For the ciliary marker AC III and all the endogenous candidate proteins studied here, we consistently observed discrete immunosignals present at the apical surface of the mouse OE and on top of the dendritic knobs of OSNs. The staining pattern of candidate proteins in the respective cryosections corresponded well to the pattern of AC III in the overlay with mature OSNs. For PMCA1 and S100A5, we also observed immunosignals across OSNs, an observation that is consistent with previous reports (23, 76) . Taken together, our immunohistochemistry data confirm the presence of ANXA1, ANXA2, ANXA5, S100A5, PMCA1, and NCKX4 in the cilia of mouse OSNs. Based on our quantitative proteomic analysis, we can further conclude that these proteins either binding or transporting Ca 2ϩ ions are specifically associated with membranes of olfactory cilia.
Toward the Delineation of the Ciliary Membrane Proteome
of OSNs-In this work, we sought to specifically delineate the ciliary membrane proteome of OSNs. However, olfactory cilia and membrane fractions thereof cannot be purified to homogeneity, and therefore, the respective protein inventory still contains numerous co-enriched contaminants such as proteins of various intracellular organelles, different forms of tubulin, ribosomal proteins, and various xenobiotic-metabolizing enzymes. These contaminants are known to be commonly present in ciliary membrane preparations of OSNs (15, 16) . To address this issue and eventually identify those proteins with specific functions associated with olfactory cilia membranes, we compared our dataset with a catalogue of 691 genes reported to be specifically expressed in mature, ciliated OSNs by transcriptome analysis (24) . This resulted in a cilium-specific set of 246 proteins to which we added known olfactory signaling components (59 ORs, CNGB1, GNB1, and ANO2) whose mRNA levels were not represented in the transcriptome data (supplemental Table S1A ). GO enrichment analysis confirmed significant over-representation of functional terms related to ciliogenesis, olfactory perception, signal transduction, ion transport, as well as cAMP, ATP, and calmodulin binding, providing a valid representation of known structural and functional characteristics of cilia of OSNs (supplemental Fig. S3 ). Of these 308 proteins, 178 (58%) were annotated as integral or peripheral components of cell membranes, cilia membranes, and unspecified membranes, or they represent extracellular proteins according to GO and UniProt (supplemental Table S1A ). For comprehensiveness, we finally included an additional 35 membrane or regulatory proteins identified in this work with ciliary localization or associated with ciliary functions but not defined mature OSN-specific by transcriptome analysis (24) . The molecular blueprint of the ciliary membrane of OSNs established here reflects the different functions of the sensory organelle located at the interface between the brain and the ambient environment (Fig. 7A) . FIG. 6 . Localization of the candidate proteins ANXA1, ANXA2, ANXA5, and S100A5 to the olfactory cilia membrane. ANXA1, ANXA2, ANXA5, and S100A5 as well as the known ciliary proteins NCKX4 and PMCA1 (all depicted in red) show co-localization with the olfactory cilia marker protein AC III (blue) in cryosections of olfactory epithelia from transgenic OMP-GFP mice. In the overlay, mature olfactory sensory neurons and dendritic knobs are labeled green. Scale bars indicate 10 m.
It includes essentially all proteins known to be involved in olfactory signal transduction and its regulation as well as numerous proteins with a role in adult neurogenesis. In addition to 62 ORs, we also identified factors enhancing OR expression at the surface (REEP1, RPT1, and RTP2) (77, 78) and different subunits of PKA attenuating OR activity by phosphorylation (79) .
Constituents of the canonical ciliary cAMP-dependent signal transduction pathway (i.e. GNAL, GNB1, GNG13, AC III, CNGB1, CNGA2, CNGB1, and ANO2) were found to be highly abundant with iBAQ values placing them among the top 10% of all proteins (Fig. 7B , top, and supplemental Table S1A ). These signaling components are indispensable for the cellular answer to the activation of ORs by binding of an odorant and thus are present ubiquitously among all functional OSNs. As highlighted by these central factors and the 62 ORs, the abundant distribution of the olfactory cilium-specific membrane proteome established in this work covers ϳ5 orders of magnitude (Fig. 7B, top) . For individual ORs, we found considerable differences in abundance. This finding is consistent with previous data showing that mRNA expression levels for ORs differ significantly and therefore strongly depend on the receptor type (47, 80 -84) . Differences in OR abundance can generally be accounted for by different mRNA expression levels for a given OR per OSN (47, 85) as well as variations in the number of OSNs expressing an individual OR gene (47, FIG. 7 . Extended olfactory membrane ciliome. A, depicted are all 178 proteins defined as olfactory cilium-specific membrane and membrane-associated proteins as well as 35 further membrane or regulatory proteins with ciliary localization or associated with ciliary functions identified in this work but not defined mature OSN-specific by transcriptome analysis (24) . For more details about the proteins, please refer to the text and supplemental Table S1A . Bold, cilium-specific membrane proteins; bold and italic, cilium-specific soluble proteins; regular type, non-cilium-specific proteins. B, components of the olfactory membrane ciliome (dark gray circles) and all other proteins identified in olfactory cilia membrane-enriched fractions (light gray circles) are plotted versus their mean iBAQ value. Relative abundance levels of known proteins of the canonical pathway of olfactory signal transduction (blue circles) including 62 ORs (white circles) and components of the Ca 2ϩ signaling network (red circles) are highlighted. 80 -82, 84) . Interestingly, for the majority of ORs identified in this work, we observed no clear correlation between protein abundance and mRNA expression levels (data not shown) (83) . Among the few exceptions were Olfr705 and Olfr1507, both strongly expressed at the transcript and protein levels. More studies are certainly needed to better understand how OR expression is modulated in OSNs.
The ciliary membrane proteome of OSNs established in this work also includes numerous proteins that constitute a regulatory Ca 2ϩ signaling network (Fig. 7, A and B, bottom panels) . Ca 2ϩ signaling is a central theme in different functional aspects of OSNs including the following: (i) olfactory signaling (86 -88) ; (ii) neuroprotection and adaptation (89) ; and (iii) apoptosis and neural regeneration (90, 91) . Accordingly, we found many of these components to be highly abundant (Fig. 7B) (17) . Furthermore, although STOM is more widely expressed in OSNs (73), STOML3 specifically localizes to sensory cilia where it is proposed to function in olfactory signal transduction (93, 94) and regulates mechanoreceptor sensitivity (95) (96) (97) . Further low abundant Ca 2ϩ -binding proteins of interest are secretagogin (SCGN), calsyntenin 2 (CL-STN2), and neuropentraxin II (NPTX2) (Fig. 7B, bottom) . SCGN is related to calbindin and calretinin and modulates neuronal differentiation in the olfactory system (98) . Both CL-STN2 and NPTX2 have a potential role in synaptic plasticity (99, 100) , and a homologue of NPTX2 is involved in intracellular protein sorting to the acrosome in testis (101) .
In the following, the discussion will be focused on further selected components and distinct functional aspects of the olfactory cilia membrane proteome reported in this work (Fig. 7) .
Because OSNs are functionally renewed in less than a month (13, 14) , a tight balance between apoptosis and survival has to be ensured to maintain sensory function. In this context, our ciliary proteome of OSNs provides several molecular links. For example, we identified the tumor necrosis factor receptor superfamily member 21 (TNFRSF21), also known as death receptor 6, which has been reported to induce apoptosis through a new BAX-dependent pathway (102) . A further factor is the growth arrest-specific 1 (GAS1) protein that induces apoptosis by dephosphorylation of BAD (103) . Of note, we also detected BAX, BAD, and additional apoptosis regulators as well as the BAX inhibitor protein TMBIM6 at high abundance (supplemental Table S1A ). Further identified membrane-associated proteins with an antiapoptotic function are Fas apoptotic inhibitory molecule 2 (FAIM2) (104) and the Ser/Thr protein phosphatase PPM1L (105) . We further detected the EF-hand-containing Ca 2ϩ -binding protein EFHC1 executing a pro-apoptotic effect through interaction with a voltage-dependent Ca 2ϩ channel in cultured primary neurons; mutations in EFHC1 cause juvenile myoclonic epilepsy (106) . It is of interest to note here that the mouse orthologue of EFHC1 is a conserved axonemal protein mainly expressed in sperm flagella and tracheal cilia, suggesting a potential role of cilia in the development of juvenile myoclonic epilepsy (107) . The protein was reported to be absent from immotile primary cilia (107) . Yet, we provide here clear evidence for its presence in olfactory cilia that is consistent with transcriptome data (24) .
Further components of ciliary membranes identified in this work are factors involved in the following: (i) vesicle trafficking and intraflagellar transport, e.g. BBS7 and BBS8, two membrane-associated components of the BBSome essential for the sorting of proteins to the cilia (108); (ii) membrane transport processes to maintain ion concentration gradients across the ciliary membrane (numerous K ϩ and Na ϩ channels or Na ϩ /K ϩ ATPase subunits such as FXYD2 (alias ATP1G1), ATP1A1, and ATP1B1); and (iii) catalytic processes, e.g. AK1 and ALDOA, both known to localize to sperm flagella where they contribute to meet the high energy demand of the motile organelle (109, 110) .
Our data also indicate an extensive communication between olfactory cilia and the extracellular milieu in response to nonolfactory stimuli. Previous studies of primary cilia provided functional connections to the Hedgehog (111), Wnt (112) , and Notch (113-115) signaling pathways as well as evidence for the presence of both adhesion receptors of the integrin family and Ca 2ϩ -dependent adhesion proteins, the cadherins (116). Moreover, odorant-induced Notch signaling in Drosophila brain has been reported (117) . Consistently, we detected the Notch ligands JAG1 and DNER (118) and the Notch signaling component ␥-secretase PSEN2 involved in the migration of OSNs (119) . In addition to several integrins (ITGB1, ITGAV, and PCDHB1) and cadherins (CDH1, CDH2, and CDH26), we further report teneurin-2 (ODZ2) functioning in neurogenesis and cell adhesion processes (120, 121) and ephrin-A5 (EPHA5) involved in neuronal guidance by regulating ITGB1 activity (122) . Other members detected are the EPHA7 receptor and the membrane-anchored ephrin EFNA3.
The ciliary membrane dataset also includes plexin A3 (PLXNA3) and A4 (PLXNA4), two semaphorin receptors involved in neuronal development and axon path finding (123, 124) , as well as the leukemia inhibitory factor receptor. Evidence for a putative function of PLXNA3 in the development of sensory receptor neurons in the inner ear (125) and the olfactory system has recently been provided (126) . Furthermore, leukemia inhibitory factor receptor-interleukin 6 receptor (IL6ST) heterodimers interacting with the ciliary neurotrophic factor receptor (127) mediate LIF-induced signaling that is involved in neurogenesis and regeneration of OSNs under conditions leading to degenerative cell death (128, 129) .
Finally, we would like to point to the new ciliary candidate tetraspanin 7 (TSPAN7), a cell surface glycoprotein with four TM domains, that is reported to form signaling complexes at the plasma membrane where it localizes to distinct microdomains to possibly modulate neurite growth and neuronal migration in interplay with integrins (130) . Tetraspanins have also been suggested to regulate the activity of matrix metalloproteinases (131) with a role in cell adhesion and neurogenesis (132) . Consistently, we report here for the first time the presence of two disintegrin and metalloproteinase domain-containing proteins, ADAM9 and ADAM22, in olfactory cilia membranes. The latter protein has recently been found in brain as a component of voltage-gated Ca 2ϩ channel environments (133) .
CONCLUSIONS
A detailed understanding of the functions of olfactory cilia requires in-depth knowledge about the molecular components constituting this unique sensory organelle. In this study, we concentrated on the comprehensive analysis of the membrane compartment of olfactory cilia isolated from mice to learn more about the proteins central for forming this important chemical interface to convey information from the exterior environment to the inside of OSNs. Isolation of cilia diminutive in size from mouse olfactory epithelia is a highly demanding task, and no protocols exist that facilitate the purification of primary cilia and membranes thereof to homogeneity. The strategy applied here is universally applicable to the study of primary cilia. Classical techniques based on chemical stresses to gently detach cilia from tissues and prepare ciliary membrane sheets are combined with powerful protein/peptide separation methods followed by high resolution LC/MS for deep proteome sequencing analysis. The approach showed excellent reproducibility and yielded the largest, so far, cilia-derived dataset consisting of 4,403 protein entries. Gel-free analyses enabled us for the first time to reliably detect a total of 62 ORs revealing a substantial heterogeneity in their abundance levels. We identified and further verified the four Ca 2ϩ -binding proteins ANXA1, ANXA2, ANXA5, and S100A5 as true resident proteins of olfactory cilia providing new functional targets to investigate how olfactory signal transduction is modulated. With the methods at hand, we will now be able to decipher stimulus-induced changes in the olfactory cilia membrane proteome, including low abundant signaling components like ORs, and thus to decipher processes governing long term adaptation and/or sensitization of the peripheral olfactory system toward chemical cues. Because pure ciliary membranes cannot be obtained to date, we exploited an existing transcriptome dataset specific for mature, ciliated OSNs to verify and establish the currently most complete membrane ciliome of OSNs revealing a remarkable compositional complexity and high functional diversity of this unique sensory organelle. We expect that our findings will be consequential in promoting signaling research on olfactory cilia as well as primary cilia in general.
The mass spectrometry proteomics data as well as MaxQuant result files have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (134) with the dataset identifier PXD000514.
